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Cohesin is required to prevent premature dissociation of sister
chromatids after DNA replication. Although its role in chromatid
cohesion is well established, the functional significance of cohe-
sin’s association with interphase chromatin is not clear. Using a
quantitative proteomics approach, we show that the STAG1 (Scc3/
SA1) subunit of cohesin interacts with the CCTC-binding factor
CTCF bound to the c-myc insulator element. Both allele-specific
binding of CTCF and Scc3/SA1 at the imprinted IGF2/H19 gene locus
and our analyses of human DM1 alleles containing base substitu-
tions at CTCF-binding motifs indicate that cohesin recruitment to
chromosomal sites depends on the presence of CTCF. A large-scale
genomic survey using ChIP-Chip demonstrates that Scc3/SA1 bind-
ing strongly correlates with the CTCF-binding site distribution in
chromosomal arms. However, some chromosomal sites interact
exclusively with CTCF, whereas others interact with Scc3/SA1 only.
Furthermore, immunofluorescence microscopy and ChIP-Chip ex-
periments demonstrate that CTCF associates with both centro-
meres and chromosomal arms during metaphase. These results
link cohesin to gene regulatory functions and suggest an essential
role for CTCF during sister chromatid cohesion. These results
have implications for the functional role of cohesin subunits in
the pathogenesis of Cornelia de Lange syndrome and Roberts
syndromes.

cohesion � transcription � insulator � centromere � metaphase

In eukaryotes, gene loci are often clustered together to form
nuclear territories characterized by specific expression profiles

(1, 2). Insulator and boundary elements are thought to contrib-
ute to the functional identity of genes and territories by shielding
individual genomic regions from the influence of neighboring
enhancer or silencer elements (3). Although the exact mecha-
nism by which insulators achieve a selective interaction of
enhancers with specific promoters is still controversial, evidence
from studies in Drosophila and vertebrates suggests that the
formation of chromatin loops may be the underlying principle of
insulator function (3, 4). For instance, multiple gypsy insulator
elements form ‘‘insulator bodies’’ that attach to the nuclear
membrane and fold chromosomes into loops (4). In vertebrates,
the highly conserved CCTC-binding factor CTCF is the only
known factor with insulator function. CTCF mediates long-range
chromatin interactions between loci at the �-globin gene in
erythroid cells and at the IGF2/H19 gene loci (5). Evidence
suggests that the ability of CTCF to interact with itself contrib-
utes to the formation of ‘‘active chromatin hubs’’ at these loci (6).

CTCF has been assigned a wide variety of functions, and their
diversity reflects the number of potential interacting partners (3,
7, 8). Although the association of CTCF with YB1, YY1, Kaiso,
and Sin3 may confer transcription regulator activity, interaction
of CTCF with both nucleophosmin and/or chromodomain heli-
case CHD8 is required for insulator function (6, 9). However, it
remains unclear whether these interactions are required at all
genomic CTCF sites or whether they regulate a subset of
insulator elements.

Analyses of the genome-wide distribution of CTCF revealed
a tendency of CTCF to reside in loci that separate presumptive

chromosomal domains (10, 11), consistent with the requirement
to preserve functional integrity by limiting the spread of regu-
latory signals emanating from neighboring domains. CTCF is
present at the boundary between genes that are subject to X
inactivation and genes that escape this silencing (11, 12). CTCF
is also an integral component of the c-myc insulator element
MINE that separates the transcriptionally active c-myc gene
from surrounding chromatin that bears features typical for
heterochromatin (13). The mode of action of CTCF at this
genomic region, however, is unclear. Here, we report the iden-
tification of Scc3/SA1, a subunit of the cohesin complex, as an
interacting partner for CTCF. Our investigations both identify
the previously unknown mechanism of chromatin–cohesin in-
teraction and suggest a role for CTCF in the coordinated
distribution of replicated DNA during mitosis.

Results
Detection of CTCF Interacting Proteins by Isotope Coded Affinity Tag
(ICAT) Quantitative Mass Spectrometry. To define the composition
of the CTCF complex that mediates insulator activity at the
mammalian c-myc gene, we applied a quantitative proteomics
approach (14). This strategy is based on the use of stable isotope
tagging and mass spectrometry to distinguish proteins that are
specifically enriched in a purification procedure from copurify-
ing contaminants [supporting information (SI) Fig. S1]. For this
analysis, we compared the enrichment ratios of nuclear extract
proteins that associate with immobilized templates containing
either the wild-type or a mutated CTCF-binding site at the c-myc
insulator element (Fig. S1). Initial in vitro affinity purifications
and subsequent Western analysis demonstrated that the DNA
template with the wild-type CTCF sequence recruits high levels
of CTCF, whereas three point mutations within the target
sequence resulted in a significant reduction in CTCF recruitment
(Fig. S1). To identify cofactors recruited by CTCF, we differ-
entially labeled components bound to the wild-type and mutant
sequences with heavy and light ICAT reagents (14). The labeled
protein pools were combined and proteolyzed. After fraction-
ation and identification of the peptides by mass spectrometry, we
calculated the relative abundance of heavy- and light-labeled
peptides/proteins. Applying this experimental approach, we
identified 9,605 peptides (P � 0.99), corresponding to 2,084
proteins (P � 0.9). CTCF-derived peptides were identified by
112 independent spectra and were 3- to 25-fold enriched in the
protein fraction purified using the wild-type CTCF-binding site
(average 7.7-fold, P � 3.1e-03). The vast majority of peptides
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identified bound nonspecifically, as is evident by their lack of
enrichment in either protein pool (Fig. S2). However, applying
an enrichment ratio threshold of at least 2-fold and a P value
threshold �0.01 revealed that the nuclear protein Scc3/SA1
(STAG1) preferentially associated with DNA containing the
CTCF target sequence of the c-myc insulator element (P �
5.8e-03; Fig. 1). Scc3/SA1 and the much more abundant isoform
Scc3/SA2 (STAG2) participate in the formation of the verte-
brate cohesin complex in a mutually exclusive manner (15, 16).

To confirm the quantitative enrichment of Scc3/SA1 in DNA-
bound CTCF complexes, we performed Western blot analysis
experiments on proteins purified from nuclear extracts using the
immobilized templates. Templates containing the CTCF wild-
type target sequence recovered �3-fold higher levels of Scc3/
SA1 (data not shown), supporting the results obtained by mass
spectrometry.

In Vivo Colocalization and Genomic Distribution of Scc3/SA1 and CTCF.
Our quantitative mass spectrometry approach suggests that both
CTCF and the cohesin subunit Scc3/SA1 are recruited to the
c-myc insulator upstream sequence. To test whether this corre-
lation also holds true in vivo, we performed ChIP experiments
with a human T cell line (Jurkat). We tested 11 regions across
the human c-myc gene domain, four of which are known to
associate with CTCF (refs. 10 and 11 and our data not shown).
All four regions that associate with CTCF also associate with
Scc3/SA1 (Fig. S3). To determine the genome-wide significance
of our observation, we conducted a more comprehensive analysis
of Scc3/SA1 binding in HBL100 cells across the nonrepetitive
sequences of ENCODE regions representing 1% of the human
genome. DNA recovered from the anti-CTCF and -Scc3/SA1
immunoprecipitates was amplified, labeled, and hybridized to
tiling arrays. ChIP-Chip was performed in triplicate using inde-
pendently prepared biological samples, as described in Methods.
To determine the degree of overlap, the genomic positions and
intensities of putative binding sites were identified for both
CTCF and Scc3/SA1 at a high resolution using MeDiChI, a
regression-based procedure that learns a generative model of
joint (multiple, potentially overlapping) binding events in nor-
malized ChIP-Chip data (17). Using a binding-site P value cutoff
of 0.01, MeDiChI identified 147 CTCF sites (Fig. 2A and Table
S1). A large percentage (86%, 126 of 147) overlaps with sites
previously identified in a genome-wide analysis of CTCF binding
in IMR90 cells (11). Furthermore, a search for motifs in these

147 sites using MEME (18) revealed that 63% of sequences
contain a motif highly similar to the CTCF motif reported (Fig.
S4; ref. 11). The high level of concordance between CTCF-
binding site distributions in both HBL100 and IMR90 cells and
the presence of the CTCF motif in a similar percentage of
binding sequences demonstrate that our ChIP-Chip approach
identified CTCF sites with high accuracy.

Applying the same experimental approach using the anti-Scc3/
SA1 antibody, we identified 41 Scc3/SA1-binding sites within the
ENCODE genomic region (P � 0.01; Fig. 2B and Table S2). To
define the degree of CTCF-Scc3/SA1 colocalization, the mini-
mum distances of the 147 CTCF-binding sites to any of the
Scc3/SA1-binding sites were computed (Fig. 2C). We found that
16 of the 41 Scc3/SA1-binding sites occur within 1,000 bp of at
least one CTCF site (Table S3). Simulations of chosen pairs of
hits in the ENCODE region showed that this number of small
distances has a negligible probability of occurring by chance (P �
10�8). Thus, colocalization of Scc3/SA1 and CTCF at a subset of
CTCF binding sites is highly significant and not the result of a
random event.

Allele-Specific Binding of Scc3/SA1 at the Imprinted IGF2/H19 Gene
Region. CTCF participates in the allele-specific regulation of
gene expression at the imprinted IGF2/H19 gene locus. The
methylation of cytosine residues and concomitant recruitment of
tri-methylated histone H3 at the imprinting control region (ICR)
of the paternal allele inhibits the association of CTCF, resulting
in transcriptional enhancement of the paternal IGF2 gene
through enhancers located near the H19 gene. In contrast, the
lack of ICR methylation at the maternal allele allows CTCF to
bind multiple sites upstream of the H19 gene, subsequently
blocking the interaction of the enhancers and the IGF2 pro-
moter. To determine whether Scc3/SA1 also binds to the CTCF
sites at the IGF2/H19 gene locus in an allele-specific manner,
we determined the allele-specific association of Scc3/SA1,
CTCF and lysine 9-trimethylated histone H3 (H3K9me3) using
methylation-sensitive PCR. Chromatin from HBL100 cells was
immunoprecipitated with antibodies specific for Scc3/SA1,
CTCF, and H3K9me3 (Fig. 3). DNA from the immunoprecipi-
tates was split into two aliquots and digested with either the
methylation-sensitive restriction enzyme AciI or with EcoRI

Fig. 1. Detection of CTCF-interacting factors by ICAT quantitative mass
spectrometry. Protein samples recovered from wild-type and mutant CTCF-
binding sites (Fig. S1) were labeled with the heavy and normal ICAT reagents,
respectively, and prepared for �LC-MS/MS (14). SEQUEST database searching
matched an MS/MS spectrum to the indicated ICAT-labeled peptide sequence
derived from Scc3/SA1 as the best match. The relative abundance of isotopi-
cally heavy (Lower) and normal (Upper) ICAT-labeled peptides corresponding
to Scc3/SA1 was calculated by reconstructing single-ion chromatograms for
each peptide using XPRESS (14). A peptide derived from the Scc3/SA1 was
enriched to a similar level (1:5.0) as peptides corresponding to CTCF (1:7.7).

Fig. 2. Detection and colocalization of CTCF and Scc3/SA1 in ChIP-Chip
experiments. (A) Plot of intensity ratios of individual probes within a region of
chromosome 6 and detection of a CTCF-binding site by MeDiCHi (see Meth-
ods). (B) Plot of intensity ratios of the Scc3/SA1 ChIP-Chip experiment within
the same chromosomal region as in A. (C) Frequency histogram of the dis-
tances of Scc3/SA1 peaks (P � 0.01) to all CTCF peaks (P � 0.01) within 2,000 bp.
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that is unaffected by CpG methylation. Subsequent PCR ampli-
fication with primers surrounding the ICR distinguished be-
tween methylated and nonmethylated IGF2 alleles. DNA recov-
ered from ChIP with an H3K9me3 antibody remained
unaffected by AciI digestion (Aci I signal/EcoRI signal � 97%),
confirming that this histone modification is associated with the
methylated cytosine on the paternal allele. In contrast, DNA
recovered from ChIP with a CTCF antibody was highly sensitive
to AciI, as indicated by the significant loss of amplified DNA
after treatment with AciI. Similarly, PCR amplification of
AciI-digested DNA recovered from anti-Scc3/SA1 immunopre-
cipitates resulted in only 14% of signal relative to EcoRI-
digested DNA (Fig. 3). Thus, in concordance with a previous
report (19), our data demonstrate that both CTCF and Scc3/SA1
bind in an allele-specific manner to the nonmethylated ICR on
the maternal allele.

CTCF Is Required for Scc3/SA1 Recruitment to Chromatin. Our com-
parative ChIP-Chip analysis revealed a nonrandom distribution
of CTCF and Scc3/SA1 binding across the human genome. To
test whether the association of Scc3/SA1 with chromatin directly
depended on the presence of CTCF, we analyzed Scc3/SA1
binding at both a normal and a mutated CTCF-dependent
insulator element of the human myotonic dystrophy gene DM1
that had been integrated at the same genomic locus in mouse 3T3
cells via recombination-mediated cassette exchange (RMCE;
ref. 20). The DM1 alleles under study are identical except in
sequences at the CTCF-binding sites that contain base substi-
tutions to eliminate CTCF binding (ref. 20; Fig. S5). ChIP
analysis of the normal allele of the insulator fragment demon-
strated that both CTCF and Scc3/SA1 were bound at the
CTCF-binding site of the normal allele of the insulator element
(Fig. 4). In contrast, base mutations introduced into the CTCF
target sequence of the DM1 insulator abolished CTCF binding,
as observed by the loss of enrichment after ChIP with anti-CTCF
antibodies. Importantly, point mutations of CTCF-binding se-
quences also abrogated the association of Scc3/SA1 with the
human DM1 allele. These data demonstrate that cohesin binding
at the DM1 gene directly depends on the presence of CTCF.

CTCF-Dependent and Independent Association of Scc3/SA1 with Chro-
mosomal Sites. Our survey of the Scc3/SA1-binding site distribu-
tion within the ENCODE sequences revealed a significant
coincidence of CTCF and Scc3/SA1 binding, and this colocal-
ization depends on the presence of CTCF. However, only 16 of
the 147 CTCF-binding sites within ENCODE were also bound
by Scc3/SA1. To determine whether the lower number of
Scc3/SA1 sites relative to CTCF sites was due to selective binding
of Scc3/SA1 or simply to experimental variables (e.g., lower
efficiency of the anti-Scc3/SA1 antibody in immunoprecipita-
tions), we chose to study the HoxA gene domain by conventional
ChIP techniques. The HoxA domain harbors multiple genes,
which are expressed according to the rules of colinearity, with 3�
Hox genes (e.g., hoxA1 to hoxA4) expressed early in develop-
ment and 5� HoxA genes (e.g., HoxA10 to HoxA13) later in
development (21). Accordingly, 3� HoxA genes are preferentially
expressed in the HBL100 breast epithelial cell line, whereas 5�
HoxA genes are preferentially expressed in the PC3 prostate cell
line. In our ChIP-Chip analysis, we identified five genomic
regions within the HoxA locus in HBL100 cells that bind CTCF
(hx1–5, Fig. 5). Using quantitative PCR analyses, we largely
confirmed binding of CTCF at hx1–5 in the HoxA locus of
HBL100 and PC3 cells, except that CTCF-binding sites at hx1
and hx2 were not significantly enriched in PC3 cells. Importantly,
whereas hx4 associated with CTCF in both HBL100 and PC3
cells, it failed to recruit Scc3/SA1. These results demonstrate that
Scc3/SA1 selectively associates with a subset of CTCF-bound
regions.

In addition to genomic sites that exclusively bind CTCF, the
large-scale survey of Scc3/SA1-associated sites within ENCODE
sequences also revealed 25 positions that failed to correspond to
CTCF-bound sequences within 1 kb of flanking sequences on
either side. Of these, we selected 11 sites for testing with
conventional ChIP-PCR. Although the majority of these regions
were false positives, two sites within the ENCODE region on
chromosome 19 (chr19, 59310952, Table S2) and chromosome 7
(chr7, 89620788, Table S2) were indeed bound by Scc3/SA1 but
not by CTCF (Fig. 5D). These data suggest that a subset of
chromosomal sites use alternative mechanisms to recruit cohesin
to chromatin.

ge
no
m
ic

Sc
c3
/S
A1

CT
CF
3M
K9
ge
no
m
ic

Sc
c3
/S
A1

CT
CF
3M
K9

AciIEcoRI

ref

ICR

B

20

40

60

80

100
%

0
α-3MK9 α-CTCF α-SA1

EcoRI digested
AciI digested

A

C

H19

Aci I restriction sites

ICR

amplicon

Fig. 3. Allele-specific association of cohesin and CTCF with the Igf2/H19 ICR
is detected by methylation-sensitive PCR. (A) Position of AciI restriction sites
within the amplified region of the ICR. (B) The CpG methylation sensitive
restriction enzyme AciI, but not EcoRI, reduces the number of genomic tem-
plates available for PCR amplification of the ICR recovered after chromatin
immunoprecipitation with either anti-CTCF or -Scc3/SA1 but not after immu-
noprecipitation with anti-3mK9 H3 (histone H3 trimethylated at lysine 9). As
an internal control, a genomic region of the beta-globin gene promoter that
lacks both EcoRI and AciI sites was coamplified. (C) Quantitation of the
methylation sensitive PCR. Ratios of ICR/beta-globin signals were determined
for each immunoprecipitation (dark bars) and compared with the signal ratio
after digestion with EcoRI, which was set to 100. Although the paternal allele
is CpG methylated and associated with histone H3 trimethylated at lysine 9,
the maternal allele is unmethylated and associated with CTCF and Scc3/SA1.

CTG

CTCF
site1

CTCF
site2

DM1luc

loxlox

amplicon

DM-1 myc-N myc-A DM-1 myc-N myc-A

wt (site1,2)
mut (site1,2)

CTCF ChIP Scc3/SA1 ChIP

f o
ld
en
ri
c h
m
en
t

0

10

20

30

Fig. 4. Association of cohesin with the myotonic dystrophy gene DM1
requires CTCF. (A) Scheme of the human DM1 sequences integrated via RMCE
into murine 3T3 cells. Sequences of the wild-type and mutant CTCF-binding
sites 1 and 2 are shown in Fig. S5. (B) ChIP experiments at the wild-type and
mutant DM1 loci reveal that mutations in CTCF motifs 1 and 2 [mut (site1,2)]
abrogate binding of both CTCF and Scc3/SA1, whereas binding of CTCF and
Scc3/SA1 to myc-N and myc-A, both binding sites for CTCF at the endogenous
murine c-myc gene (8, 13), remains unaffected. Bars represent the average and
standard deviation of three independent experiments.

Rubio et al. PNAS � June 17, 2008 � vol. 105 � no. 24 � 8311

CE
LL

BI
O

LO
G

Y

http://www.pnas.org/cgi/data/0801273105/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0801273105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0801273105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0801273105/DCSupplemental/Supplemental_PDF#nameddest=SF5


CTCF Associates with Centromeric Regions. In mitotic metaphase,
cohesin is essential for sister chromatid cohesion (15). Although
the bulk of cohesin is removed from chromosome arms during
prophase and prometaphase, the sister chromatids remain at-
tached through centromeres (22, 23). To address the question of
whether CTCF remains associated with cohesin during mitosis,
we used ChIP-Chip on mitotic chromatin preparations (Fig. S6).
Our results confirm previous reports that a large fraction of
CTCF remains associated with chromosomes during metaphase
(24). Seventy of 147 CTCF sites detected in asynchronously
growing HBL100 cells were also found in chromatin of mitotic
HBL100 cells (Fig. 6A and Table S4). Because centromeric DNA
consists of large arrays of repetitive DNA, our ChIP-Chip
approach was technically unsuited for detection of an association
of CTCF with centromeres during metaphase. Therefore, we
performed immunofluorescence detection of CTCF in meta-
phase chromosomes. Paraformaldehyde-cross-linked metaphase
chromosome preparations were incubated with anti-CTCF and
detected by FITC-linked secondary anti-rabbit antibodies. Con-
sistent with previous observations of CTCF distribution during
mitosis (24), we found a strong and punctuate fluorescence label
at the centromeric regions of metaphase chromosomes (Fig. 6).

Although these observations suggest that the presence of CTCF
is required for cohesin function in later stages of mitosis,
additional experiments will be required to define the precise role
for CTCF in linking cohesin to chromatin both during interphase
and the mitotic phase of the cell cycle.

Discussion
Our discovery of the interaction of CTCF with cohesin offers
previously unsuspected explanations for the regulatory role of
enhancer-promoter communications in vertebrates. Although
the requirement of cohesin for sister chromatid cohesion after
DNA replication during S-phase is well documented, its function
in transcription regulation is unknown (25). Previous studies in
yeast, Drosophila, and zebrafish suggest that cohesin influences
transcription. For example, in Saccharomyces cerevisiae, cohesin
supports the establishment and maintenance of boundaries at
the HMR-silent mating type loci. Mutations in the SMC1
component of cohesin cause a loss of HMR boundary activity,
with resultant silencing of adjacent genomic regions (26). In
addition, genetic screens in Drosophila have identified Nipped-
B/Scc2, an ortholog of the yeast cohesin loading complex Scc2/
Scc4, as an important factor in enhancer-promoter communi-
cation at the cut gene (27). The effect of mutated Nipped-B was
found to be most severe when a gypsy insulator element was
present between the enhancer and the promoter. Subsequent
RNAi knockdown experiments to reduce the cellular levels of
Nipped-B or Scc3/SA1 suggest that these two members of the
cohesin complex have opposing effects on cut gene activity (28).
Although reduced Nipped-B levels decrease cut gene activity,
reduced Scc3/SA1 levels increase cut transcription. Similarly,
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Fig. 5. Selective association of Scc3/SA1 with genomic regions. (A) Schematic
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selective binding of CTCF and Scc3/SA1 to genomic regions on chromosome 7
[position 89620788, hg17, University of California, Santa Cruz (UCSC)], chro-
mosome 19 (position 59310952, hg17, UCSC), and chromosome 2 (position
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●●● ●●
●
●

●
●

●

●

●

●
●

●

●●

●●●
● ●●●

●

●

●

●●

●
●●
●●●●

●

●

●
●●
● ●

●
●
●

●

●
●
●●
●
●●

●

●

●

●

●

●●

●●

●

●●

●
●●
●
●●●
●●
●
●●
●

●●

●

●
●
●
●●
●
●●●
●
●●
●
●
●

●●

●

●● ●●
●
●●
●
●
●●
●
●●

●●
●
●●
●
●●●●●●●●●●●●

●
●
●●
●●
●
●●
●
●●

●
●
●
●
●
●

●●
●
●●
●
●
●

●●
●

●●●

●

●●

●

●●
●
●●
●
●
●

●

●
●

●

●●
●
●●
●
●●

●
●●

● ●
●●
●
●●
●●

●
●●

●

●●
●
●●
●
●●●●●●
●●●●●●
●●

●

●●

●
●
●
●●●
●●

●

●●

●

●●

●

●●

●

●●

●

●
●

●
●

●

●

●

●

●

●
●
●●

●●
●

●●
●

●

●

●●
●●

●
●
●●
●
● ●

●
●●
●
●
●●
●●
●
●
●
●
●
●●
●

●
●
●●●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●
●
●
●

●
●

●

●

●

●

●

●

●●
●
●
●

●

●

●
●●
●
●●●●●
●

●

●

●

●

●

●

●
●●●●●●

●
●●●●

●●
●

●●

●

●●● ●●
●●●●

●●
●

●

●

●
●

●

●

●●
●

●
●●
●●
●
●●
●

●●

●

●

●

●

●
●●

●●
●

●
●

●

●
●
●
●

●
●
●
●
●
●
●
● ●

●

●
●
●
●

●●●

●●

●

●

●
●

●
●

●

●●

●

●
●

●

●
●

●

●●

●

●
●

●

●●
●

●
●

●
●●

●

●
●

●

●●

●
●●

●●●●
●●●●●

●

●●

●

●

●

●
●
●●

●

●●

●

●●

●

●
●

●

●
●
●
●●
●
●●

●

●

●

●

●

● ●●●●●●●●●●●●
●
●●

●
●●

●
●
●
●
●
●
●
●
●

●
●
●

●

●

●

●

●

●

●
●

●

●
●

●

73894000 73896000 73898000

0
4

8

CTCF- Cyc chr6 ; DISTANCE = 0

Genome coord.

C
hi
p
in
te
ns
i ty

●

●

●

●

●

●

●

●●

●

●
●
●
●

●

●

●

●●

●
●

●
●●
●

●
●
●
●●
●
●
●

●
●

●
● ●

●

●
●

●
●

●
●
●
●

●
●
●
●

●
● ●

●

●
●

●
●

●
●
●
●●
●

●
●

●
●

●
●
●
●
●
●

●
●

●
●

●
●

●
●

●
●

●
●●
●

●

●

●

●

●

●

● ●

●

●

●

●
● ●

●●

●●

●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

●

●●

●

●

●

●●

●

●

●●

●

●●

● ●

●
● ●

●

●
●

●

● ●
●●●

●

●

●

●
●●

●

●

●

●

●●●
●

●
●

●

●

●

●
●

●●
●●●

●

●

●
●

●
●
●

●
●●
●

●
●

●
●

●
●

●
●●
●

●
●

●
●

●
●

73894000 73896000 73898000

0.
0

1.
5

3.
0

CTCF- Mit chr6

Genome coord.

C
hi
p
in
te
ns
ity

●

●

●

A

B

Fig. 6. Association of CTCF with chromosomal sites and centromeres during
mitosis. (A) Example of a CTCF site on chromosome 6 occupied in both
asynchronously growing cells (Upper, CTCF Cyc) and cells arrested in mitosis
(Lower, CTCF-Mit). The calculated distance between the peaks is indicated
(distance � 0). A complete list of all sites detected in both asynchronously
growing and mitotic cells is shown in Table S4. (B) Immunofluorescence
detection of CTCF bound to centromeres of human mitotic chromosomes. A
representative example of a mitotic chromosome preparation is shown. All
cells examined from each preparation showed centromeric staining by CTCF.
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cohesin-dependent gene regulation has been shown for the runx
genes in zebrafish (29). A genetic screen revealed that embryos
lacking Rad21, the Scc1 subunit of cohesin, fail to develop
differentiated blood cells because of a lack of runx3 expression.

A clinically relevant example of a role of cohesin in regulating
transcription and/or enhancer activities comes from the obser-
vation of mutations in subunits of the cohesin complex that can
severely affect normal human development. Cornelia de Lange
(CdLS) syndrome, characterized by developmental anomalies
including limb anomalies, short stature, and mental retardation,
is most frequently caused by mutations in the human ortholog of
Nipped-B, the nipped-B-like gene NIPBL, or delangin (30, 31).
Some affected individuals have been found to carry mutant
forms of SMC1 or SMC3, both integral members of the cohesin
complex (32, 33). Although the relative contribution of defects
in transcription as opposed to defects of sister chromatid cohe-
sion in CdLS remains unknown, our data, together with the
known role of CTCF in enhancer insulation, support the idea
that the severe phenotype seen in CdLS results from a defect in
the function of cohesin and CTCF in regulating gene activity.

The ability of cohesin to ‘‘glue’’ together two DNA strands
clearly lends itself to the idea that the highly organized arrange-
ment of chromosomal territories is at least partly guided by
CTCF and cohesin. CTCF has previously been shown to partic-
ipate in intra- and interchromosomal looping at the �-globin and
Igf2/H19 gene loci (34–36). The ability of CTCF to both form
dimers in vitro and interact with itself in yeast two-hybrid
experiments is consistent with its role in promoting long-range
chromatin interactions (3, 6). Our finding that CTCF interacts
with cohesin provides an additional or alternative mechanism
that may be the underlying principle of CTCF-mediated long-
range interaction of genomic regions. The cohesin subunits
SMC1 and SMC3 associate with Scc1/Rad21 and Scc3/SA to
form a ring-like structure that is capable of holding together two
DNA strands replicated during S-phase (37). Although the exact
structural and functional roles of cohesin binding to chromo-
somes during interphase still need to be addressed, our results
strongly suggest that the interaction of cohesin with a subset of
CTCF-associated regions is involved in the generation of intra-
and interchromosomal association of genomic regions.

Cohesion of sister chromatids during mitosis requires the
cohesin complex. Previous observations have highlighted differ-
ences among cohesin complexes associated with centromeric
regions or chromosome arms (23, 38). Although the bulk of
cohesin complexes dissociates from chromosomal arms during
prophase and prometaphase, a fraction remains associated
preferentially at centromeric regions of chromosomes, and me-
diates cohesion of replicated DNA strands promoting the equal
distribution of sister chromatids to daughter cells in mitosis. The
mechanisms of both recruitment and dissociation of cohesin
during later stages in mitosis still remain relatively obscure. The
results of this study suggest that cohesin is recruited to chromo-
somal arms and to centromeres, possibly via its interaction with
CTCF. Thus, future models that address the functional mecha-
nism of cohesin dissociation during mitosis will have to consider
the potential of CTCF posttranslational modifications for the
release of sister chromatid cohesion.

While this manuscript was in preparation, two other reports
were published confirming our observation that cohesin both
colocalizes with and requires CTCF for binding to chromatin (39,
40). Our studies confirm and extend those observations by
demonstrating that base substitutions within the CTCF-motif at
the DM1 locus abolish both CTCF and cohesin binding. Fur-
thermore, our data suggest that this interaction likely occurs via
Scc3/SA1, because only Scc3/SA1 but not Rad21 or SMC1/SMC3
showed significant enrichment in our proteomic analysis of
proteins bound to immobilized templates. Finally, our immuno-
fluorescence data demonstrate that CTCF associates with cen-

tromeric heterochromatin during mitosis, consistent with the
high concordance of CTCF distribution in cycling and mitotically
arrested cells (Fig. 6A, Table S4, and ref. 24). Thus, in combi-
nation, our data suggest that CTCF is required for cohesin
binding in interphase and mitotic cells.

Methods
Protein Purification Using Immobilized DNA Templates, ICAT Labeling, and
Quantitative Mass Spectrometry. Crude nuclear extract was prepared from 109

Jurkat cells grown in growth media (RPMI medium 1640/10% FBS) according
to ref. 41. Template DNA was generated by PCR amplification of a 163-bp
region derived from a normal and mutant c-myc insulator sequences (Fig. S1)
using a biotinylated/nonbiotinylated primer combination. To generate the
immobilized templates, 175 pmols of either wild-type or mutant PCR-
amplified DNA was coupled with 8.75 mg of streptavidin-linked magnetic
beads (Dynal M280) essentially as described (42).

Forty milligrams of nuclear extract prepared from Jurkat cells was incu-
bated with immobilized templates for 2 h at 4°C. To reduce nonspecific
binding of nuclear proteins to nucleic acid, each binding reaction contained
350 pmols of nonbiotinylated 163-bp mutant DNA (CTCF-mut). After four
washes of the template-bound complexes, proteins were eluted with elution
buffer (5 mM Tris�HCl, pH 7.5, 0.5 mM EDTA, 1 M NaHCO3). Labeling of eluted
proteins with ICAT reagents was performed as described (42, 43).

�LC-MS/MS and Data Analysis. �LC-MS/MS was essentially done as described
(44). Cysteine-containing tryptic peptides were identified by searching MS/MS
spectra against a human protein sequence database using SEQUEST as de-
scribed (45). Data were quantified and analyzed essentially as described by
using the XPRESS and INTERACT computer programs, respectively (43). Data
were filtered by using a requirement for peptides tryptic at both N and C
termini. PeptideProphet and ProteinProphet (14) were used to determine the
probability that peptide and protein assignments were correct. A probability
cutoff value of 0.99 and 0.9 was used for the respective analysis.

ChIP. Chromatin was prepared for immunoprecipitation as described (13) by
cross-linking the cells in 1% formaldehyde for 5 min and subsequent sonica-
tion until the bulk of DNA was 300–600 bp in size. Chromatin corresponding
to 2 � 107 cells was immunoprecipitated with anti-CTCF antibody (Upstate
Biotechnology, 06-917), anti-Scc3/SA1 antibody (Abcam, #4457), or anti-
trimethyl-Histone-H3 (3MK9, Upstate Biotechnology, #07-442). Immunopre-
cipitates were washed, the DNA-protein cross-links reversed, and the recov-
ered DNA was tested in regular conventional quantitative PCR as described
(13). Sequences of primers specific for gene loci under study and reference
primers (�-globin) are available upon request.

ChIP-Chip Analyses. The amplification and preparation of immunoprecipi-
tated DNA for hybridizations to ENCODE arrays (NimbleGen Systems) were
performed essentially as described in ref. 46 with minor modifications at DNA
preparation and purification steps. Briefly, immunoprecipitated DNA was
end-repaired by using T4 DNA polymerase at 12°C for 15 min (New England
Biolabs, M0203S) according to the manufacturer’s recommendation. After
phenol/chloroform purification and ethanol precipitation, the end-repaired
DNA was ligated to linker-primer with commercially available DNA ligation
kits (Quick Ligation kit M2200S, New England Biolabs). DNA was amplified
with twenty PCR cycles and purified with centrifugal filter units (Microcon
YM-50) according to the manufacturer’s protocol. PCR amplicons were further
amplified by subsequent PCRs using 50 ng of DNA to obtain a sufficient
amount of DNA required for DNA array hybridization.

Sample labeling, array hybridization, and determination of relative probe
intensities was performed at NimbleGen.

Peak Detection and Analysis. Binding sites in both the CTCF and Scc3/SA1 data
were detected by using the MeDiChI (17) statistical software, which learns a
model of the binding peak profile for each dataset, and then fits that profile
to the reference-normalized (Cy5/Cy3) probe intensities using a constrained
linear model. The resulting coefficients of the fitted model contain the
high-resolution best-fit genomic coordinates and intensities of each detect-
able peak in the dataset (within the ENCODE region). The P value for a given
detection was estimated from the result of 1,000 bootstrap runs of the same
procedure on the data residuals (i.e., probe intensities minus model fit) only.
This P value quantifies the probability that MeDiChI will falsely report a peak
with an intensity greater than or equal to that of the measured peak and is
related to the peak’s intensity relative to the noise across the dataset. Example
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peak detections for both CTCF and Scc/SA1 are shown, respectively, in Fig. 2 A
and B, along with the MeDiChI-predicted peak location and intensity (green
vertical line) and best fit to the data (red dashed curve).

Chromosome Preparation and Immunostaining. Metaphase chromosomes were
prepared from primary human fibroblasts treated with colcemid for 1 h. After
hypotonic treatment in 0.075 M KCl for 10 min cells were spun onto slides in
a cytocentrifuge. Chromosome preparations were incubated with CTCF anti-
body (Upstate Biotechnology, 06-917) for 1 h followed by incubation in a
secondary FITC-labeled antibody (Vector). Cells were then fixed in 4% form-
aldehyde before counterstaining with Hoechst 33258. A minimum of 50 nuclei

from three independent preparations of primary human fibroblasts was
examined.
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